A technique for generating active species with the One Atmosphere Uniform Glow Discharge Plasma (OAUGDP) has been developed and used to sterilize and increase the surface energy, wettability and wickability of nonwoven fabrics. The OAUGDP is a non-thermal, fourth-state-of-matter plasma with the classical characteristics of a low pressure DC normal glow discharge that operates in air (and other gases) at atmospheric pressure. No vacuum system or batch processing is necessary, and a wide range of applications to fabrics and polymeric webs can be accommodated in a parallel plate plasma reactor. In addition to directly exposing webs and workpieces to active species for surface energy increase in a parallel-plate reactor, we have shown that active species capable of sterilization can be convected at near room temperature to a remote exposure chamber. This technology is simple, produces many effects that can be obtained in no other way, generates minimal pollutants or unwanted byproducts, and is suitable for online treatment of webs, films, and fabrics.
Introduction
Until recently plasma processing procedures that use glow discharges for sterilization, deposition and etching of thin films, increasing the surface energy of materials, and other applications have been conducted under vacuum at pressures below 10 torr, where stable plasmas are easily generated. This has tended to limit such plasma processing to high-value workpieces, as a result of the large capital cost of vacuum systems and the production constraints imposed by batch processing. It has long been recognized that glow discharges would play a much larger role in industrial surface plasma processing applications if they could be operated at one atmosphere.
A technique for generating active species with the One Atmosphere Uniform Glow Discharge Plasma (OAUGDP) has been developed at the University of Tennessee at Knoxville's (UTK) Plasma Sciences Laboratory [1] [2] [3] . The OAUGDP is a non-thermal RF fourth-state-of-matter plasma with the time resolved characteristics of a classical low pressure DC normal glow discharge [1] . The OAUGDP is capable of operating in air (and other gases) at atmospheric pressure and near room temperature. The OAUGDP has been the subject of exploratory testing for plasma processing applications of industrial interest, including increasing the surface energy, wettability, wickability, and sterilization of fabrics. No vacuum system or batch processing is necessary, and a wide range of applications is possible. This technology is simple, cost effective and suitable for online treatment of webs.
The healthcare industry has long needed a sterilizing method that functions near room temperature and is effective in much shorter durations than the 12-hour period characteristic of autoclaving and ethylene oxide (EtO) exposure [4, 5] . To explore possible applications of the OAUGDP to the sterilization of microorganisms on surfaces and fabrics and to other healthcare applications, an interdisciplinary team was organized at the UTK Plasma Sciences Laboratory. This team includes members from the Department of Electrical and Computer Engineering, the Department of Microbiology, and the UTK Textiles and Nonwovens Development Center (TANDEC). We have killed a variety of microorganisms on glass slides and embedded in agar [6] , on fabrics [6, 7] , and in sealed commercial sterilization bags [6, 8] . These microorganisms include several index organisms of interest to the military in dealing with surfaces compromised by biological warfare agents, and other index microorganisms relevant to the healthcare, textile and food industries [8] . Characteristically, we are able to reduce the numbers of a broad range of microorganisms by a factor of one million in durations that range from a few tens of seconds to a few minutes of direct exposure to the OAUGDP, depending on the organism and the surface used. Some obvious advantages of OAUGDP sterilization to the military, textile, healthcare and food industries would be the shortened process time since no vacuum is required, the elimination of toxic input chemicals and residues, and decreased damage to textiles and workpieces by these chemicals.
In addition to investigating the sterilization of surfaces, our team has developed a sterilizable meltblown air filter for the U.S. Environmental Protection Administration (EPA) [9] . This work was motivated by a desire to deal with the "sick building syndrome," in which microorganisms captured by an air filter in a heating, ventilating or air conditioning system can reproduce in situ and be released into the airstream, thus exposing all persons within the building. Our sterilizable air filter, the "Volfilter," is a planar version of the OAUGDP produced by attaching strip electrodes to both sides of a sheet of filter material made out of a nonwoven fabric. After the filter removes microorganisms from the airstream, the electrodes are energized with a high-voltage, low-frequency RF source, and the resulting planar OAUGD plasma kills the captured microorganisms. The combination of an appropriate nonwoven filter material and periodic application of the OAUGDP requires minimum maintenance and results in an effective capture and sterilization device even for viruses.
We have also developed the MOD V Remote Exposure Reactor (RER), in which a surface layer of OAUGDP plasma on flat panels generates active species of air. The active species responsible for sterilization and other processing effects are convected by forced airflow at one atmosphere and at near room temperature to a remote chamber at least 20 centimeters from the plasma, in which the workpiece is located [10] . This allows workpieces of any size or shape to be processed or sterilized without direct contact with the plasma. The RER has been operated as a sterilizer with both single-pass and recirculating active species flow through the remote exposure chamber. We used the RER to reduce the numbers of two genera of microorganisms (Escherichia coli and Staphylococcus aureus) on test samples of polypropylene nonwoven fabric by a factor of at least 10,000 in less than 10 seconds.
Since 1992, the research program at the UTK Plasma Sciences Laboratory has included other plasma processing applications of the OAUGDP that include exploratory research on application of an OAUGDP generated in air to increasing the wettability of solid surfaces [11] ; to increasing the wettability and wickability of fabrics [12] [13] [14] ; to increasing the surface energy of webs and solid materials composed of metals and polymeric materials [11] ; to such plasma aerodynamic effects as electrohydrodynamic (EHD) flow acceleration [15, 16] ; to paraelectric boundary layer control [17] ; to plasma etching at one atmosphere [11] ; and to decontaminating surfaces compromised by simulants of chemical and biological warfare agents [9, 10] . A U.S. Patent has recently been issued for use of the OAUGDP to clean, decontaminate and sterilize surfaces [18] .
The Development, Physics and Phenomenology Of The One Atmosphere Uniform Glow Discharge Plasma (OAUGDP)
A. Atmospheric Plasmas Glow discharge plasmas used for sterilization and the treatment of surfaces have been operated at pressures below 10 torr, where they can be easily generated [1, 19] . Because these pressures require expensive vacuum systems and batch processing, interest has grown over the past few years in applying wellknown "classical" atmospheric pressure plasmas to plasma processing and sterilization. These include corona discharges [1, Chapter 8] , dielectric barrier discharges (including filamentary discharges and ozonizers) [20] , and inductive plasma torches [1, Chapter 11] . More recent developments include the Atmospheric Plasma Jet [21, 22] , and the One Atmosphere Uniform Glow Discharge Plasma (OAUGDP) [1] [2] [3] .
B. Development of the OAUGDP Compared to other forms of atmospheric pressure plasma, the relatively long duration, uniformity, and low-to-moderate areal power densities of the glow discharge highly recommend it for applications in which it is important to avoid heating or damaging the surface of the workpiece. Characteristic areal power densities are a few tens of milliwatts to a few watts per square centimeter, not high enough to damage or degrade most exposed materials. In addition, glow discharges are very energy efficient in maintaining themselves in an ionized state. Unobstructed normal glow discharges operate at the Stoletow point [1] , which is only 81 electron volts per ionelectron pair for air. By contrast, arcjets and plasma torches typically require an energy input more than 10,000 eV per ion-electron pair, nearly all of which goes into heating the neutral gas instead of producing useful active species for plasma processing.
The production of atmospheric glow discharges has a long history. Von Engle, et al. [23] reported in 1933 atmospheric pressure glow discharges with bare electrodes in air and hydrogen at both DC and audio frequency RF driving voltages. This discharge, however, was unstable to the glow-toarc transition, required specially cooled cathodes, and could only be operated at one atmosphere by starting the discharge under vacuum conditions, and slowly raising the pressure to one atmosphere.
The [27] [28] [29] was confined to such gases as helium, and argon with an admixture of acetone. The work of the UTK group included these gases, as well as air and other gases [1] [2] [3] .
C. Physics of the OAUGDP At the UTK Plasma Science Laboratory, a program to produce an atmospheric glow discharge in air was initiated in 1988, and produced a 1.6 liter OAUGDP between parallel plates in helium gas in January, 1992 [1] [2] [3] . Subsequent development allowed the OAUGDP to be generated in a variety of geometries, including a plane, parallel slab geometry and a surface layer of plasma on flat panels [15] . Investigation of physical processes in the OAUGDP at UTK identified the ion trapping mechanism and its limitation to a relatively narrow range of audio RF driving frequencies as a requirement for a stable, uniform plasma [1, 3] . One dimensional computer simulations by Massines et al. [27] [28] [29] demonstrated the instantaneous structure of the OAUGDP to be that of a normal glow discharge. The plasma physical characteristics of the OAUGDP in helium were investigated by numerical simulation and experimental time-resolved ultra fast photography [30, 31] , and led to a better understanding of the discharge mechanism. Short time exposure photographs using a CCD camera (exposure times of 10 to 100 nanoseconds), and calculated characteristics were analogous to those of a normal DC glow discharge in spite of operation at atmospheric pressure.
The calculated parameters of the plasma using a onedimensional fluid model [27, 30] included the electric field, as well as the space-charge density. The results of this model are illustrated in Figure 1 . All the features of the classical normal glow discharge were present between the instantaneous cathode and anode [27, 28 and 30] . These features included the cathode fall, in which the electric field decreases linearly from its maximum value and thus obeys Aston's law; the negative glow; the Faraday dark space; and finally the positive column, where the electric field is relatively low and constant and the electron and ion charge densities are uniform and equal. The calculated maximum electron and ion densities are about 3 and 5 x 10 11 cm -3 , respectively, depending on the plasma operating conditions [31] .
D. Phenomenology of the OAUGDP A schematic of the MOD IV parallel plate one-atmosphere glow discharge plasma reactor developed at the UTK Plasma Sciences Laboratory is shown in Figure 2 . A kilohertz electric field is applied between two parallel metal plates, at least one of which must be insulated to permit the charge build-up which maintains the plasma from one half-cycle of the RF to the next [27, 31] . The electric field required to initiate the OAUGDP is 2-3 kV/cm for argon and helium, and 8.5 kV/cm for air, well below the DC sparking electric field for the gas used. Both electrodes have a solid stainless steel face (characteristically 15-cm in diameter) and one or both may be covered with quartz, Pyrex, alumina or glass insulating plates, the thickness of which is between 2 and 3 mm.
The OAUGDP is obtained for a wide range of experimental No vacuum system is necessary. The plasma is uniform and stable in a relatively large gap, with electrode separations up to 1.5 cm in dry air and up to 5 cm in helium having been used in our laboratory. As shown photographically in Figure 3 , the OAUGDP reactor of Figure 2 operates uniformly without producing filamentary microdischarges, for the proper combination of gap distance, RF driving frequency and rms voltage [1] . When operated in air, the OAUGDP is sensitive to humidity in the airflow, which has a significant effect on plasma uniformity [8, 32] . We found during our experiments that the relative humidity should be below 14% to obtain the desired uniform discharge across the electrode gap. Higher humidity may lead to the formation of filamentary structures, particularly at points, edges or asperities around which high electric fields occur. In addition, an air flow through the reactor chamber in the range of 100 to 150 standard liters per minute was used in order to have a more uniform plasma and thus more efficient surface treatment and sterilization, as explained below.
As an electrical circuit, the OAUGDP reactor is a variable capacitive load with a resistive component that has a low power factor when used with conventional power supplies, the output of which is a high-voltage transformer secondary. The resulting impedance mismatch results in a large reflected power from the plasma back to the power supply that does not contribute to plasma formation, may complicate attempts to achieve a uniform discharge, and requires an expensive overrated power supply. In order to provide a better impedance match, a passive electrical impedance matching network was designed and installed [9, 10] to make the plasma reactor act like a resistor at the resonance frequency as seen by the transformer secondary. Using the impedance matching network and dry air, the plasma reactor is seen by the high voltage transformer secondary as a pure resistance, and the observed discharge is stable i. e. its plasma and electrical characteristics were periodic in time.
The waveforms of voltage and current of the impedance matched Remote Exposure Reactor [10] are shown in Figure  4 as an illustration. The measured discharge current is characterized by one relatively large initial peak that is typically a few amperes each RF half cycle. This peak is a phenomenon of the electrical circuit, not the plasma, and is the result of the equivalent circuit of the OAUGDP behaving like three capacitors in series -one for the plasma itself, and one each for the two dielectric-covered electrodes. The broader secondary peak following the initial peak is a pulse of charge associated with plasma formation and maintenance. In an air plasma, the duration of this secondary pulse is from 20 to 40% of the half period, and its amplitude can range from a few percent to larger than that of the initial current peak. The larger the area under this secondary pulse, the more uniform is the plasma and the higher the concentration of active species produced in the plasma. As it passes through the plasma, the injected gas (dry air in our investigations) becomes excited, dissociated or ionized by electron impact. A wide range of active species are thus created, which include atomic oxygen, ozone, nitrogen oxides, neutral metastable molecules, and radicals, which can be used for various industrial applications.
Figure 2 SCHEMATIC OF THE MOD IV OAUGDP PARALLEL PLATE REACTOR SYSTEM

Figure 4 TIME VARIATION OVER 3 CYCLES OF THE MEASURED APPLIED VOLTAGE AND DISCHARGE CURRENT IN THE IMPEDANCE MATCHED MOD V REMOTE EXPOSURE REACTOR WITH 3 PANELS ENERGIZED
Figure 3 PHOTOGRAPH OF THE MOD IV OAUDGP PARALLEL PLATE REACTOR IN OPERATION
Sterilization of Surfaces With the OAUGDP
A. Development of Plasma Sterilization Successful attempts were made to sterilize surfaces in lowpressure RF glow discharge plasmas operating below one torr as early as the 1960's [19] . The use of glow discharge plasma systems has been viewed by industry as a promising approach to achieving low temperature and short duration sterilization, since the technology of low pressure ("vacuum") glow discharge plasmas has been highly developed over a period of at least 150 years. Usually a low-pressure glow discharge plasma is employed in combination with a working gas familiar to the healthcare and medical community, such as hydrogen peroxide or paracetic acid vapor. Glow discharges formed from both working gases are effective against a broad range of bacteria and bacterial spores, and kill these microorganisms by generating oxygen, hydroxyl free radicals, and presumably other active species, although these killing mechanisms have not been evaluated in detail. In some cases a pretreatment phase with the working gas is employed. Plasma sterilization systems using both working gases have been approved by the U.S. Food and Drug Administration (FDA) and have been commercially available since the early 1990's [4, 5, 33, 34] . These units are very costly, sterilize workpieces in a volume of a few tens of liters near room temperature, and require from one to two hours to complete a cycle. Limitations of these processes for medical uses include the cost, the restricted volume of the plasma reactor, reactivity of the chemicals or active species with materials in medical instrumentation and supplies, and an over-all cycle duration which may include one or more vacuum and chemical cycles [4, 5, 33, 34] .
B. Development of OAUGDP Sterilization Reactors
The OAUGDP active species, including charged particles, ultraviolet photons, monatomic oxygen, nitric oxide, hydroxyls and other highly oxidizing species, have been shown to be very effective in neutralizing yeast and many bacteria and viruses of clinical or general environmental significance [6-8, 32, 35] . The microorganisms were tested on a variety of surfaces such as glass, metals, fabrics, and imbedded in agar using several OAUGDP reactor configurations described below.
Direct Exposure in the MOD IV Parallel Plate Reactor:
The operating conditions of the OAUGDP parallel plate reactor and the culturing, treatment, incubation, washing and counting methods used during our sterilization work have been described elsewhere [6, 8] and are not described here in detail. The planar sample to be sterilized is placed on the lower electrode of our MOD IV reactor, shown in Figure 2 , and is consequently in direct contact with the plasma. When the plasma is on, as illustrated in Figure 3 , the sample is directly bombarded by active species. The sterilization process takes place at room temperature and the sterilized sample is not damaged by the plasma, which makes this technology very attractive for the sterilization of heat sensitive fabrics or webs.
The MOD IV reactor has been used for the majority of experimental results presented in this paper. The reactor is a stainless steel enclosure with interior dimensions of 40 x 35 x 35 cm in width, length and depth respectively. One or both of the water-cooled electrodes were covered with a glass or plastic insulator to inhibit arcing. A characteristic pair of rectangular electrodes had dimensions of 18 cm by 15 cm. The RF power supply consists of a power amplifier that works over the range of 1-20 kHz, and rms voltages up to 12 kV. Airflow is maintained within the reactor with humidity below 14% to promote plasma uniformity. For a given electrode gap separation, the RF frequency and rms voltage were adjusted to produce the most desirable uniform glow discharge plasma and to avoid filamentary dielectric barrier discharges.
Operating parameters for the RF voltage in most experiments were from 8.5 to 11 kilovolts and from 5.0 to 7.0 kHz.
The MOD V Remote Exposure Reactor (RER):
In many plasma sterilization applications at one atmosphere, the requirement that the workpiece be immersed in the plasma or located at the plasma surface can lead to surface damage. Such damage can be induced by high electric fields, overheating of the workpiece, etching or erosion by active species other than those which produce the desired treatment, and exposure to ultraviolet radiation. In addition, large or irregularly shaped workpieces such as surgical equipment cannot fit between the electrodes of parallel plate atmospheric plasma reactors, limiting the usefulness of such reactors to flat surfaces, fabrics, or webs.
To resolve this issue, we developed a OAUGDP Remote Exposure Reactor (RER) which generates a surface layer of plasma on an array of flat panels using air or other gases at one atmosphere. Each panel is composed of a thin layer of dielectric circuit board material (30 x 30 cm), both sides of which are covered by an array of copper electrode strips as shown in Figure 5 . The lateral distance between two successive electrodes of opposite polarity (which are on opposite sides of the panel) is 3.5 mm as described in [17] . On Figure  5 we show plasma formation only on the upper side of the panel. The power supply frequency, rms voltage and other operating conditions are listed in reference 10. The areal plasma power density is about 0.44 watts/cm 2 . The airflow in the Remote Exposure Reactor is forced along a serpentine path past three or more of these panels, as shown on Figure 6 . The active species become entrained in the airflow and are convected to a remote chamber in which the workpiece is located. The test samples are placed about 20 cm away from the last panel. Temperatures lower than approximately 60 o C are maintained at the workpiece, below the threshold required for microbial killing. This arrangement allows workpieces of any size or shape to be exposed and does not require their direct exposure to the plasma itself. Figure 4 shows a typical oscillogram of the discharge voltage and current over three RF cycles, obtained with 3 plasma panels connected electrically in parallel and placed inside the RER. A passive LC circuit was used as a matching network and produced a nearly perfect impedance match, with no significant reactive current.
The Plasma Sterilized Volfilter:
The in situ reproduction of microorganisms captured by air filters in indoor heating, ventilating and air conditioning systems and their release into the airstream can cause the "sick building syndrome." Since the sterilization of contaminated surfaces through exposure to the OAUGDP has been demonstrated to be very efficient and reliable, we developed a second planar version of the electrodes based on the OAUGDP panel technology [9, 15, 17} called the Volfilter, which is well adapted to building air filtration systems. Strip electrodes were attached to both sides of a sheet of dielectric meltblown filter material (30 centimeters square) as illustrated in Figure 7 . Both electrodes are conducting rods wrapped in high dielectric strength tape. Any microorganisms trapped in the filter are killed by periodic sterilization of the Volfilter with active species produced by the OAUGDP. The prototype system used is illustrated in Figure 8 , and includes a commercial nebulizer, which introduces microorganisms into the air duct, and distributes them on the Volfilter. This air filtration test assembly was designed and fabricated by the Environmental Elements Corp. of Baltimore, MD.
C. Effects of Exposure of Microorganisms to the OAUGDP Stock cultures of the organisms are maintained in our lab- oratories, except for spore strips obtained commercially from North American Science Associates Inc., Northwood, OH. Details of the culturing of these microorganisms, the methods for seeding the microorganisms on the various substrates, and recovering the microorganisms for plate counts have been described previously [6] [7] [8] . A Shidmazu spectrophotometer was used for spectral absorbency measurements of extracellular fluids recovered from bacteria exposed on polypropylene, and difference spectra at wavelengths from 200 to 300 nm were scanned to obtain the peaks that contain information about macromolecular absorption. Electron microscopy was performed on OAUGDP-exposed and non-exposed bacteria either on polypropylene or on glass slides. Sections were prepared and viewed using a Hitachi H600 transmission electron microscope in the UTK Electron Microscope Facility.
OAUGDP Sterilization in the Parallel-Plate MOD 4 Reactor:
Initial results demonstrated that several decades in the numbers of bacteria could be killed in tens of seconds by OAUGDP treatment. To assess the general effectiveness of OAUGDP against a broad range of microorganisms, we included a wide variety of bacteria and bacterial spores, fungi (yeast), and viruses for comparison (Table 1 ). It was found that killing rates were a function of both the types of microorganism and the nature of the surface on which they were tested. Comparison of the D values (Decimal Reduction Time, or the time it takes to kill one decade or 90% of cells) could be extrapolated from the survival curves, an example of which is illustrated in Figure 9 , where the decrease in viable cells of the microorganism E. coli K12 is plotted logarithmically against time. Usually, when microorganisms are under thermal or chemical stress, as they are with conventional sterilization methods, the survival curves are straight lines on a semi-logarithmic graph. However, we obtained biphasic curves in the MOD IV, the two phases of which are designated D 1 and D 2 , respectively. Interestingly, in the MOD IV Reactor, the initial response (D 1 , or phase 1) was always slower, followed by a more rapid killing phase (D 2 , or phase 2). This situation was reversed for killing curves in the MOD V Remote Exposure Reactor.
Comparing the same microorganism on different surfaces can illustrate the importance of the surface characteristics of the substrate to microbial killing. When Escherichia coli K12 was treated on polypropylene, glass, and agar respectively, the D values increased. Killing on polypropylene occurred most rapidly (D 1 =6 seconds.) followed by glass (D 1 =33 seconds) and agar (D 1 =70 seconds.). The chemical condition of the cell on a given surface, its physical orientation, and/or its degree of surface exposure may have influenced the decimal reduction time. Thus, bacteria dried on glass (multi-layered) might be more resistant than those on polypropylene. Bacteria embedded in agar require a longer time for the antimicrobial active species to diffuse into them.
Kill times also depended on the type of microorganism tested (Table 1 resistant organism, were killed to the same extent (5 decades reduction in 5.5 minutes) as B. subtilis var niger spores, while it took only 2.5 minutes to inactivate approximately the same number of B pumilus spores. Yeast susceptibility was comparable to spores, with D1 values in the range of minutes. The most difficult microorganism to kill was the bacterial virus Phi X 174; it took 9 minutes to reduce its numbers by six decades. Figure 10 a Polypropylene was used to simulate microorganisms deposited on porous surfaces and glass were representative of nonporous surfaces. b D value is described as the time necessary to reduce the population of cells one log or 90%. These values were determined from plots of the number of survivors versus time.
Comparison of Killing in the MOD IV and the MOD V (RER) Reactors: Data in
c Not determined from 15 seconds to 25 seconds, even though the sample was at least 20 centimeters from the plasma generation site (Figure 6 ). This was observed for both recirculated and single pass airflows (Figure 10) . A survival curve similar to that of E coli was obtained for S. aureus in the Remote Exposure Reactor, although the degree of killing was approximately 4 decades for S. aureus compared to 5 decades for E. coli, and kill rates were slower with S. aureus. Control runs with no power, or only low power (2kV, insufficient to generate a plasma) applied, showed that microorganisms were not being blown away from the polypropylene workpiece by the airflow, or affected by the presence of an electric field. Figure 11 shows the number of microorganisms trapped on a Volfilter as a function of time of treatment of the Volfilter surface with an OAUGDP. These data show that both S. aureus and the bacterial virus Phi X 174 could be captured on the Volfilter and subsequently killed or inactivated by OAUGDP treatment. In 5 minutes, 99.99% or approximately four to five decades of S. aureus were killed from an initial population of 10 7 -10 8 microorganisms. Approximately 10 minutes of plasma treatment were required to inactivate the same number of viruses.
Sterilization of Air Filters by the OAUGDP:
D. Killing Mechanism of OAUGDP Exposure
After plasma exposure of E. coli seeded on polypropylene in the MOD IV Parallel Plate Reactor, a portion of the wash suspension was centrifuged to remove residual cells, and the supernatant examined in a spectrophotometer for changes in absorbency at 260 nm. This assay reflects leakage of ultraviolet absorbing macromolecules such as proteins, RNA, and DNA from the cellular cytoplasm into the extracellular fluid. As shown in Figure 12 , after 10 seconds of OAUGDP exposure, the absorbency at 260 nm increased almost 0.60 OD (optical density) units. After 30 seconds of plasma exposure, the change in absorbency (260 nm) had increased to nearly 1.0 OD unit. These data suggest that there were large concentrations of protein and/or nucleic acids released into the extracellular fluid due to damage of the originally intact membrane enclosing the microorganism. By contrast, leakage of S. aureus contents was delayed and was not detectable until 15 seconds of plasma exposure, after which the absorbency increased rapidly. This may indicate a tougher cell wall in the latter organism.
Transmission electron microscopy (TEM) was used to visualize the physical damage of OAUGDP-exposed cells to determine whether the integrity of the cell envelope was lost. Photomicrographs of plasma-exposed E. coli cells are shown in Figure 13 . Figure 13(a) shows normal (control) cells with no plasma exposure, while Figure 13(b) shows the effect of 30 seconds of exposure to the OAUGDP. The continuity of the cellular envelope was breached, and cellular contents were released into the surrounding medium within 30 seconds of exposure. These data are in agreement with the spectrophotometric results shown in Figure 12 , where an increase in the absorbency at 260 nm is related to a release of cellular ultraviolet absorbing constituents, primarily proteins and nucleic acids. In contrast, OAUGDP treated S. aureus showed no apparent destruction of the cell envelope on a TEM photomicrograph after 30 seconds of exposure, (Figure 13(d) ) compared to non-exposed cells (Figure 13(c) ). Exposure of E. coli to the OAUGDP caused rapid leakage of proteins from the cell coinciding with fragmentation. With S. aureus, leakage occurred, but was delayed consistent with the lack of fragmentation of the cell wall observed with the electron microscope.
The OAUGD plasma produces such antimicrobial active species as ozone, monatomic oxygen, superoxide, hydroxyl, nitric oxide, and ultraviolet photons. Previously, we reported [6] that there was no significant difference in the amount of time required to inactivate microorganisms on polypropylene samples, whether exposed in air or sealed in commercial ster- Although it is likely that several active species are reacting with cells, it is well documented that reactive oxygen species such as oxygen radicals can produce profound effects on cells by reacting with various macromolecules [8, 36] . Atomic oxygen, a very chemically reactive oxidizing species, is present in the OAUGDP in significant concentration. Atomic oxygen has one of the smallest atomic radii of any element in the periodic table, thus enabling it to diffuse rapidly through membranes, sterilization bags and media, such as agar, in which microorganisms are embedded. Evidence for the presence of atomic oxygen in the MOD IV Parallel Plate Reactor came from treatment of oil of wintergreen, a very stable simulant of chemical warfare agents. Oil of wintergreen was denatured and oxidized after five minutes of treatment with an air OAUGDP, a result that could only have arisen from reactions with atomic oxygen, not ozone, since ozone does not react with this substance.
E. Potential Applications of OAUGDP Sterilization Technology
Experiments with OAUGDP sterilization technology in the MOD IV reactor provided a basis on which to develop this air plasma system for a variety of sterilization applications. The characteristics of low workpiece temperature, rapid cycle and killing times at reasonable cost, ability to reduce populations of microorganisms by a factor of more than 10 6 , and effectiveness against a broad range of microorganisms, are important when considering low temperature sterilization/decontamination. The successful design of the MOD V Remote Exposure Reactor has moved this technology forward by eliminating many constraints of workpiece size and shape, while demonstrating the capacity to sterilize surfaces away from the site of plasma generation. In another development, the ability to create various functional electrode arrangements has led to a prototype room or building air filtration and sterilization unit, the Volfilter.
Increasing The Surface Energy, Wettability And Wickability Of Fabrics
In plasma processing technology, it is well established that exposure to low pressure glow discharge plasmas generated in inert gases, nitrogen, oxygen, nitrogen oxides and other reactive oxidizing gases can clean the surface of materials and modify their characteristics, particularly their surface energy. Active species from the plasma bombard and/or react with adsorbed monolayers on the surface of materials to change their surface properties either temporarily or permanently. This includes metals or polymers of interest to the automotive, microelectronics, textile, medical, food packaging and other industries. In addition, plasma treatment can lead to such processes as polymerization, grafting, crosslinking, wettability, wickability and other characteristics of interest to the textile industry, for example. In many industries, extremely high surface energy (above 50 dynes/cm) of thin films is required for satisfactory wettability, adhesion, printability, bonding and other commercial characteristics. Intensive use of low-pressure plasma surface treatment has developed in several industries simply because it is an environmentally favorable and satisfactory way to achieve highquality results.
For the surface treatment applications described above, the OAUGDP presents several advantages when compared to low pressure glow discharges. No vacuum system or batch processing is necessary, and the process is relatively simple, cost effective, efficient and suitable for online treatment. When compared to corona discharges, the OAUGDP produces more homogeneous and higher fluxes of active species [14] . Using the parallel plate reactor of Figure 2 , the plasma power density is not high enough to damage or degrade most exposed materials.
In early experiments at the UTK Plasma Sciences Laboratory on the surface energy, wettability and wickability of meltblown polymeric fabrics exposed to inert gas OAUGDP plasmas (helium and argon), it was found that durations ranging from 30 seconds to 5 minutes were required to produce significant improvements to these characteristics [12] [13] [14] . These durations are too long to process the fast-moving webs of interest in the textile industry, however, so improvements were made in the operation and characteristics of the OAUGDP discharge. These changes included operation at higher power densities, and hence higher active species concentrations; and the use of air as a working gas, which produces ozone, atomic oxygen, and other oxidizing active species. These changes considerably improved the speed and effectiveness of the treatment of plastic and polymeric materials.
Several materials, including Mylar, metalized paper, aluminum foil, low-density polyethylene (LDPE), linear lowdensity polyethylene (LLDPE) and polyethylene terephtalate (PET) were exposed to the OAUGDP by Carr [11] . Figure 14 illustrates the surface energy of LLDPE as a function of the plasma treatment time. Tested samples did not show any of the pinholes sometimes caused by microdischarges or plasma filamentation. The surface energy of these materials was measured using a series of calibrated test solutions (mixtures of formamide and ethyl cellosolve) sold commercially by Corotec Corporation.
The result presented in Figure 14 shows that the surface energy of LLDPE was increased from 31 to 70 dynes/cm after only one second of direct exposure to the plasma. Figure 15 illustrates the change of surface energy after treatment (aging effect) of LLDPE, which remained in every case higher than 55 dynes/cm for 30 days. For treatment times of 5 and 15 seconds, this surface energy remained constant and equal to its initial value. It was also found [11] that, for all the materials PLASMA TREATMENT CONDITIONS:
tested in the parallel plate reactor, longer exposures to the plasma resulted in higher surface energies and for longer times. Nevertheless, each of the exposed materials had a different surface energy decay curve after exposure. The surface energy of some polymeric materials dropped after a few days to 60 or 50 dynes/cm and stayed there; others had a power law relationship; still others had a polynomial dependence before returning to pre-exposure values of 30 ~ 40 dynes/cm after several days or weeks. Our Mod IV reactor was used to treat PE and PET films, and one oz/yd 2 meltblown fabrics for a wettability study. The frequency of the RF power was 7.6 KHz and the voltage was 11 KVrms. The electrode gap was 3 mm. Air was circulated through the reactor at a flow rate of 26 AU (arbitrary units) at one atmosphere, and the reactor impedance was matched. The contact angle on the film was measured using a contact angle meter, model CA-500 from the Tantec Corporation. Figure 16 shows that the surface energy of the one oz/yd 2 material was increased from 35 to 71 dynes/cm for a treatment time of seven seconds. This degree of surface energy increase needed three minutes on our previous experiment [14] using oxygen as working gas and CO 2 as gas carrier, and an RF frequency of 1.5 -2 KHz. Figures 17 and 18 are the decrease of contact angle with treatment times on PE and PET films, respectively. The decrease of contact angles at treatment times less than two seconds was also observed in our previous work [13] . Figure  19 shows the wickability of different treatment times for the one oz/yd 2 fabric. Wickability was measured using TAPPI Std. 8.1, that measured the time required the distilled water to rise one inch (2.5 cm) along the vertical fabric. No water rise was observed on the untreated fabric. The fabric had a better wettability in the machine direction because the fibers are oriented more in that direction for a typical one oz/yd 2 meltblown fabric and the liquid had a capillary flow along the fibers. 
Discussion
In this paper we presented the results of our work on the sterilization/decontamination of surfaces with both direct and remote exposure to OAUGDP active species. We also presented the effects of these active species on increasing the surface energy of polymeric materials. The OAUGDP presents many advantages when compared to conventional technologies. We believe that any form of plasma processing that can be done at low pressures, including sterilization, decontamination, air pollutant removal, dry etching, and Plasma Chemical Vapor Deposition (PCVD) should also be possible in the OAUGDP, provided that long mean free paths are not required. In fact, many investigations have been reported [19, 37, 38] for the application of atmospheric pressure discharges to the synthesis of plasma-polymerized tetraethoxylane and hexamethyldisiloxane films, the reduction of copper oxide thin films and the etching of polymers.
The OAUGDP is capable of sterilizing both porous and nonporous surfaces at standard pressure and temperature. This technology kills bacterial vegetative cells, bacterial endospores, viruses, and fungi (yeast) by a relatively simple, safe and rapid process. The OAUGDP technology offers several advantages over standard sterilization techniques. This technology does not require a vacuum system with added chemicals or gases, does not expose materials to high temperature and pressure as in steam sterilization, and does not use radiation or toxic chemicals such as ethylene oxide. It is likely that several active species are acting on cells, including ozone, monatomic oxygen, free radicals such as superoxide, hydroxyl, and nitric oxide, and ultraviolet photons.
Experiments with the OAUGDP technology in the MOD IV Reactor provided a basis for application of this system to a variety of sterilization applications. The characteristics of low temperature, rapid cycle and killing times at reasonable cost, and with effectiveness against a broad range of microorganisms, are important features when considering low temperature sterilization/decontamination. The successful design of the MOD V Remote Exposure Reactor has moved this technology forward by eliminating many constraints of workpiece size and shape, while demonstrating the capacity to sterilize surfaces away from the site of plasma generation. In another direction, the ability to create various functional electrode configurations has led to a prototype air filter sterilization unit, the Volfilter. Some important, but not exclusive areas for application of these technologies include biological warfare defense, medicine and healthcare, food and food processing, and industrial and commercial sterilization.
The treatment time was greatly reduced in our new Mod IV reactor for the same surface energy of nonwoven fabric and polymeric films reported in our previous work [13, 14] . However, our current samples had the same trend in aging effect. Physical and chemical analyses were conducted in our previous work to study the mechanisms of wettability after the treatment. Future work will emphasize the same kinds of analyses (SEM, AFM and ESCA) to study the mechanisms of the improvement (reduction) of the treatment time, and to reduce or eliminate the aging effect.
